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Abstract: 15 

Ditch liners are used to prevent soil erosion and reduce seepage losses in water systems such as 16 

ditch liners across New Mexico. This research introduced an approach to validate a computational 17 

fluid dynamics (CFD) platform FLOW-3D code (Flow Science, Inc., Santa Fe, N.M.) and its use 18 

to design a flow regulating corrugated ditch liner system (Smart Ditch (SM)). Hydrodynamic and 19 

sediment transport analysis were performed on the proposed liner flow using CFD platform 20 

FLOW-3D code. The code's hydrodynamic and scour and sediment transport models were 21 

calibrated and validated using lab data with an accuracy of 94 % and 95%, respectively. The code 22 
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was then used to measure hydrodynamic parameters of sublayer turbulent intensity, kinetic energy, 23 

dissipation and packed sediment mass normalized with respect to sublayer flow velocity. Sublayer 24 

turbulent intensity, kinetic energy, and dissipation in the SM flow was significantly higher than 25 

CR flow. An alternative corrugated liner was also designed and sediment transport was measured 26 

and compared to SM and CR flows. Normalized packed sediment mass with respect to average 27 

sublayer flow velocity was 27.8 % lower in alternative flow compared to SM flow. CFD platform 28 

FLOW-3D code could effectively be used to design corrugated ditch liner systems and perform 29 

hydrodynamic and sediment transport analysis under various corrugation designs by water 30 

agencies across the states including Elephant Butte Water District and International Boundary and 31 

Water Commission. 32 

Keywords: CFD, hydrodynamic, sediment transport, ditch, liner design. 33 

  34 

INTRODUCTION 35 

Ditch liners are installed in irrigation and drainage ditches across New Mexico to prevent soil 36 

erosion, reduce seepage losses and improve their life-span. In addition, in the recent years, ditch 37 

liner systems with corrugated designs have proven to help regulate the flow of water from flat to 38 

steep grades so that the drainage and flow patterns designed are maintained. Furthermore, 39 

assessment of hydrodynamic and sediment transport parameters is among the most important 40 

elements in the design of liner systems. 41 

Erosion, transport and deposition of sediments in ditch flows across New Mexico represents a 42 

significant impact on their operations (Hlavcova et al., 2018). Sedimentation occurs as flow 43 
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velocity and turbulence levels are reduced, and can be escalated if velocity and turbulence are 44 

further reduced. As a result, dredging operations are performed to remove the deposited sediments 45 

(Bashan et al. 2013; Olsen and Hillebrand 2018). In the US, it is estimated that more than 300 46 

million cubic meters of sediment is removed through dredging by the US Army Corp of Engineers 47 

at a cost of $8 to $12 per cubic meter annually to maintain navigation in more than 19,200 48 

kilometers of waterways (Brandon and Price 2007). Furthermore, dredging operations are known 49 

to be time consuming (Bashan et al. 2013; Olsen and Hillebran 2018). In addition, transportation 50 

and use of dredging equipment can be risky in environmentally sensitive and uneven areas (Bashan 51 

et al. 2013; Vogt and Hartman 2018). The deposition of sediments can also have negative 52 

environmental impacts including, the loss of sensitive aquatic animals, soil erosion, loss of 53 

wetlands, and nutrient imbalance (Bashan et al. 2013; Stauber et al. 2016; Olsen and Hillebrand 54 

2018). Therefore, there is need for an efficient and effective methodology that enables sediment 55 

transport analysis in design of ditch liner systems across New Mexico by water agencies including 56 

Elephant Butte Water District and International Boundary and Water Commission.  57 

Additionally, the effect of hydrodynamic parameters including turbulent intensity, kinetic energy, 58 

and dissipation on the motion, suspension, entrainment, and transport of sediments has drawn 59 

significant attention in the recent years (Keshavarzy and Ball, 1997; Butler et al. 2003; Sumer et 60 

al. 2003; Tinoco and Coco 2018).  61 

Previous researchers have shown a strong correlation between sediment particle motion, 62 

suspension, entrainment, and transport, with near-bed region (sublayer) turbulent intensity, kinetic 63 

energy, dissipation, and velocity variations (Nelson et al. 1995; Keshavarzy and Ball, 1997; Sumer 64 

et al. 2003; Tinoco and Coco 2018). 65 
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According to these studies, the settling velocity of sediment particles is suppressed or enhanced 66 

depending on relative turbulent intensity in the sublayer (Kawanisi and Shiozaki 2008). However, 67 

these studies have mostly focused on turbulent intensity that is naturally generated in the flow 68 

sublayer as a result of naturally rough bed (e.g., sand, vegetation) and flow interaction (Tachie et 69 

al. 2004; Tinoco and Coco 2018). Furthermore, Khosronejad et al. (2020) used computational fluid 70 

dynamics (CFD) to show the impact of turbulent intensity on the 3D turbulent flow field and 71 

sediment transport of large-scale rivers.      72 

Furthermore, computational fluid dynamics (CFD) uses numerical analysis and data structures to 73 

solve fluid flow problems. Additionally, with advances that have been made on CFD, its 74 

applications combined with machine learning and artificial intelligence methods have been proven 75 

to be an accurate and efficient replacement for expensive and time-consuming in-field and 76 

experimental modeling of flows in hydraulic structures such as ditches (Chatila and Tabbara 2004; 77 

Zhenwei et al. 2012). In addition, the CFD platform FLOW-3D code is a software package that 78 

has been used in flow and sediment transport modeling due to its high performance and accuracy 79 

(Kim 2007; Montagna et al. 2011; Kim et al. 2012; Olsen and Hillebrand 2018). To date, this CFD 80 

code has not been validated for the purpose of ditch liner system design and performing 81 

hydrodynamic and sediment transport analysis on their flows.  82 

The goal of this research was to validate the CFD platform FLOW-3D code for the purpose of 83 

corrugated liner design, and performing associated hydrodynamic and sediment transport analysis 84 

on its flow.  85 

Accordingly, a comprehensive approach was introduced to validate the CFD platform FLOW-3D 86 

code hydrodynamic model with the use of Manning number as validation metric and its scour and 87 
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sediment transport model with the use of sediment mass as validation metric. Additionally, 88 

hydrodynamic parameters of sublayer turbulent intensity, kinetic energy, dissipation and with two 89 

different sediment species (silt and sand) under smooth (CR) representing unlined ditch and 90 

modified geometric (SM) liner designs were measured and compared.  This paper also proposes 91 

an new corrugated liner design (alternative) using Flow 3-D code and compares packed sediment 92 

mass reduction compared in CR, SM and alternative flows.  93 

METHODS 94 

GEOMETRY, MESH AND MODEL PARAMETERS 95 

Two simulations were developed using CFD platform FLOW-3D code: 1) control ditch with 96 

smooth liner (CR); and 2) ditch with modified corrugated liner geometric design (SM). 97 

For production of the CR and SM liner geometric models, a three-dimensional model for each 98 

geometric model was created (scale of 1:1) in AutoCAD 3D environment. The CR and SM liner 99 

geometric models consisted of a trapezoidal ditch with a length of 6 m. The SM liner geometric 100 

model consisted of ribs with height and spacing of approximately 0.08 m. The ribs were merged 101 

into the bottom of the ditch in a zigzag format. The produced liner geometric models were then 102 

exported into the FLOW-3D domain. 103 

After importing the liner geometric models from AutoCAD 3D environment into the FLOW-3D 104 

domain, CFD platform FLOW-3D code (Flow Science, Inc., Santa Fe, N.M.) was used to 105 

accurately simulate and analyze CR and SM flows in the corresponding ditches. 106 

An initial research was performed to investigate the optimal model parameters and mesh 107 

resolutions to be used in the simulations. The utilized design of grid cell size was based on similar 108 
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studies and minimum cell sizes recommended by American Society of Mechanical Engineers 109 

(ASME) (Celik et al. 2008).  A mesh block with approximately 250000 active cells was found to 110 

provide adequate aspect ratios, simulation time, computational efforts and accuracy through mesh 111 

sensitivity analysis and was used to mesh the entire computational domain (Figure 1). An 112 

additional nested mesh block with 15000 active cells was utilized to mesh the sublayer and capture 113 

the highly complex recirculating flow with grooves in this region (Figure 1). Due to the relative 114 

simplicity of the modeled geometry, structured rectangular meshes were selected and used in the 115 

simulations (Keyes et al. 2000; Bayon et al. 2016). This was done because previous studies have 116 

shown that use of structured meshes provide better accuracy (Hirsch 1988; Biswas and Strawn 117 

1998). Their algorithms are also known to be more simple and efficient (Bayon et al. 2016). 118 

  119 

NUMERICAL MODEL AND HYDRODYNAMIC PARAMETERS 120 

For sediment transport modeling, two phase sediment transport modeling was implemented using 121 

CFD platform FLOW-3D code (Flow Science, Inc., Santa Fe, N.M.). Hydrodynamic analysis was 122 

performed based on two-phase area/volume obstacle representation (Favor) methodology 123 

available in CFD platform FLOW-3D code (Hirt and Nichols, 1981; Hirt 2011). 124 

The Favor methodology was used to capture the complex liner geometric designs and to solve the 125 

highly complex recirculating flow with grooves in the vicinity of the walls (FLOW-3D 2016; 126 

Daraghi 2010). In this approach, structured rectangular grids whose elements are assigned to 127 

fractional areas and volumes are utilized for modeling (FLOW-3D 2016; Hirt 2011). For 128 

turbulence modeling, standard k-ε was implemented in the simulations (Versteeg et al. 2007; 129 

Daraghi 2010). 130 
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FLOW-3D CFD simulations provided data sets on turbulent intensity, turbulent kinetic energy and 131 

turbulent dissipations for each flow. These data sets were generated based on the following 132 

formulas for each parameter : 133 

Turbulent intensity (percentage) parameter (I) used in this study can be defined using the following 134 

equation: 135 

𝐼𝐼 =
𝑢𝑢′

 𝑢𝑢�
 × 100 (1) 136 

Where 𝑢𝑢′ is the mean velocity of the fluid in the sublayer region and 𝑢𝑢�  is the fluctuation of the 137 

streamwise velocity component. 138 

Turbulence dissipation, ɛ, is the rate at which turbulence kinetic energy (k) is converted into 139 

thermal internal energy. k can be defined using the following equation: 140 

𝑘𝑘 =  3
2

 𝑢𝑢′′2 (2)  141 

Where 𝑢𝑢′′ is the flow turbulent fluctuation. 142 

Newly added scour and sediment transport model to FLOW-3D (Version 11.2) was used for 143 

sediment transport modeling (FLOW-3D 2016; Chen 2006). In this model, sediment particle 144 

characteristics are considered to be uniform. The FLOW-3D hydrodynamic solver is completely 145 

coupled with the embedded scour and sediment transport model that simulates suspended and bed 146 

load sediment transport, erosion and entrainment for non-cohesive soils (Hirt 2011; Wei et al. 147 

2014). FLOW-3D’s hydrodynamic model solves the complete unsteady non-hydrostatic Reynolds-148 

averaged Navier-Stokes equations that describe the physics of the flow. 149 

https://www.cfd-online.com/Wiki/Turbulence_kinetic_energy
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Suspended load and bed load is evaluated separately for sedimentary computing section. 150 

Suspended sediment load is acquired by solving the transient convection-diffusion equation 151 

(equation 3) (Pourshahbaz and Abbasi 2017). 152 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑈𝑈𝑖𝑖
𝜕𝜕𝜕𝜕
𝜕𝜕𝑐𝑐𝑖𝑖

+ 𝑊𝑊 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

=  𝜕𝜕
𝜕𝜕𝑥𝑥𝑖𝑖

(𝛤𝛤 𝜕𝜕𝜕𝜕
𝜕𝜕𝑥𝑥𝑖𝑖

) (3) 153 

 154 

Where U=Reynolds-average water velocity, W= fall velocity of sediment, x=general space 155 

dimension, z= dimension in the vertical direction, Ґ= diffusion coefficient. The diffusion 156 

coefficient is equal to flow eddy viscosity which is calculated by The k − ε model. This equation 157 

explains sediment transport which includes the effect of the turbulence on deceleration 158 

(Pourshahbaz and Abbasi 2017). 159 

For sediment transport modeling in FLOW-3D in the near surface loads, Van Rijn equation model 160 

was used in this study. For surface cells in this model, sediment concentration and bed load are 161 

calculated by (Van Rijn, 1987) equation respectively, which are presented in equations 3 and 4: 162 

𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏 = 0.015 ∗  
𝑑𝑑0.3(𝜏𝜏−𝜏𝜏𝑐𝑐𝜏𝜏𝑐𝑐

)1.5

𝑔𝑔(𝜌𝜌𝑠𝑠−𝜌𝜌𝑤𝑤
𝜌𝜌𝜌𝜌𝑣𝑣2

)0.1  (4) 163 

In which d= diameter of sediment particle, τ= bed shear stress, 𝜏𝜏𝑐𝑐 =critical shear stress for sediment 164 

particle motion according to Shields diagram, 𝜌𝜌𝑠𝑠 is the sediment particle density, and 𝜌𝜌𝑤𝑤= water 165 

density, 𝑣𝑣 = Kinematic viscosity of water and g= gravitational acceleration.  166 

FLOW-3D scour and sediment transport model also utilizes the bed-load sediment transport rate 167 

formula that is dependent on drag force and momentum exchange between fluid and sediment 168 



9 
 

 

particles to model the bed-load sediment. This type of formula takes the drag force as the main 169 

factor in measuring the bed-load sediment transport rate. In this model, the sediment transport rate      170 

increases with the drag force and the drag law controls the coupling between particle and fluid. 171 

Entrainment in this model takes place by the process in which turbulent eddies remove the 172 

sediment grains from the top of the packed bed or the ditch bed and transition to the suspended 173 

state. 174 

To study the sediment transport in simulated flows, packed sediment mass was measured and 175 

compared between flows. FLOW-3D scour and sediment transport model enables extraction 176 

packed sediment mass versus time. Table 1 summarizes the model setup selected through 177 

validation and calibration process for producing the simulations. 178 

Table 1. Summary of CFD model setup. 179 

Mesh Structured Favor 

Turbulence model Standard k-ε 

Solid contours No slip, smooth surface, high Re wall function 

Advection scheme Explicit 2nd order limited (Van Leer, 1977) 

Diffusion scheme Explicit 2nd order 

Courant number limit 0.75 

Multiphase treatment Favor 
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Free surface tracking Donor-acceptor method (Hirt and Nichols, 1981) 

Aeration Eulerian approach 

Aspect ratio 1.02 

  180 

BOUNDARY CONDITIONS 181 

The boundary of the sublayer viscous flow region attached to solid boundaries (side-walls and bed 182 

of the ditch) was set to smooth wall. The upper boundary condition was set to symmetry. To 183 

produce real-world conditions, flows were simulated as free surface flows (surface boundary 184 

condition adjusted to symmetry). The pressure on the surface of the entire flow was set to 185 

atmospheric pressure to represent free-surface effects (i.e., zero gradient). 186 

In this scenario, null von Neumann conditions were imposed to every variable except for pressure, 187 

which was set to atmospheric pressure (i.e. zero) (Cheng and Cheng 2005). The condition of lower 188 

boundary (downstream) was set to outflow, that allowed the flow to leave the domain freely. 189 

The condition of upper boundary of the ditch was set to constant depth and flow rate (Q = 0.02 190 

m3/sec; velocity = 0.3 m/sec) in flows. To achieve this flow rate, the velocity at the upstream 191 

boundary was set uniformly parallel to the ditch bottom and center line. This inflow condition was 192 

selected since 0.3 m/sec is close to critical velocity that would keep sediments in suspended state 193 

(Stoeber 2005).  194 

Figure 1 visualizes the boundary conditions of the CFD model used for CR and SM flows. 195 
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  196 

The boundary conditions and inflow rates were the same for both CR and SM flows, ensuring that 197 

the any change in turbulent intensities, turbulent dissipation, turbulent kinetic energy or packed 198 

sediment mass in the corresponding flows is caused by the modification of the liner geometric 199 

design. To allow the flow to reach its fully developed form at each simulation, the finish time was 200 

set to 40 seconds (t = 40 s) for CR and SM flows. The height of boundary walls (including 201 

freeboard) was limited to 0.4 m for CR and SM flows (Figure 1).  Figure 2 visualizes instant 202 

representation of the SM flows in FLOW-3D environment at various time points (t = 5, 10 and 20 203 

sec). 204 

  205 

  206 

  207 

  208 
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  211 

(a) 212 
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 214 

(b) 215 

  216 

 217 
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 218 

(c) 219 

  220 

Fig. 2. Instant representation of the SM flow in FLOW-3D environment at t=5 sec (a); t=10 sec 221 

(b) and t=20 sec (c). 222 

MESH SENSITIVITY ANALYSIS 223 
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Mesh sensitivity was analyzed using three grid sizes of 0.025, 0.027, 0.03 m for CR flow. Manning 224 

number for each simulation was extracted and compared. Characteristics of the mesh systems used 225 

in the mesh sensitivity analysis can be seen in Table 2. 226 

Table 2. Mesh characteristics used for sensitivity analysis for CR flow. 227 

Mesh Type Number of Cells in 
Mesh Bock 

Minimum Cell Size 
(m) 

Measured 
Manning Number 

M1 200000 0.03 0.012 

M2 250000 0.027 0.011 

M3 300000 0.025 0.011 

To minimize simulation time, computational efforts and maximize accuracy, it was deemed that 228 

M2 with 250000 active cells and minimum cell size of 0.027 was appropriate for the simulations 229 

(Table 2). 230 

MODEL VALIDATION 231 

  232 

In order to validate the CFD simulation outcome, a physical SM liner design with similar 233 

dimensions was constructed and installed at the Hydraulics Laboratory of the New Mexico State 234 

University (Figure 3). The system consisted of corrugated polyethylene liner, a recirculation tank 235 

and a water pump that was employed to provide the desired flow rate. A 90-degree PVC fitting 236 

was used to introduce water to the constructed ditch to ensure a smooth transition from pressurized 237 
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to free surface flow. The CFD platform FLOW-3D code was validate and calibrated using 238 

experimental flow data. A comprehensive approach was used to validate the used hydrodynamic 239 

model of CFD platform FLOW-3D code through comparison of Manning numbers obtained from 240 

CFD simulations and experimental flows. Compared with the experimental flow data, the Manning 241 

number predicted by CFD simulation differed only by 6% and produced an approximately 94 % 242 

accuracy. Furthermore, the Manning number was measured at 0.05 for SM flow compared to 0.01 243 

for CR flow. The higher Manning number in SM flow compared to CR is due to higher roughness 244 

of ditch under the SM liner geometric design compared to CR.  245 

To validate and calibrate the scour and sediment model of FLOW-3D code, sediment mass was 246 

used as validation metric. For this purpose, 0.5 kg of dry sediment (90% sand; 10% silt) was placed 247 

on the entry of the ditch bottom, flow (Q = 0.02 m3/sec; velocity = 0.3 m/sec) was allowed into the 248 

ditch and the remaining deposited sediment mass after t=40 sec was collected and dried in oven 249 

and the dry mass was measured at 0.43 kg. The experimental flow was also simulated using 250 

FLOW-3D code and associated calibrated parameters and remaining sediment mass in the flow 251 

domain after t=40 sec was measured at 0.41 kg.  252 

The validation metric predicted by CFD differed only by 5 % and produced an approximately 95 253 

% accuracy.   254 
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 256 

  257 

Fig. 3. Flow in constructed ditch with SM liner design. 258 

 259 

 DATA COLLECTION AND ANALYSIS 260 

Data sets on studied parameters including turbulent intensity, kinetic energy, dissipation were 261 

direct outputs of the CFD simulations. After reaching steady state condition in the flows (all flows 262 

were in a fully turbulent regime) data sets on turbulent intensity, kinetic energy, and dissipation 263 

from CR and SM flows were generated, visualized and compared. 264 
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To extract sublayer turbulent intensity, kinetic energy and dissipation, data collection points were 265 

selected with a clearance of about one-fifth (0.2) of the nominal flow depth (D (z-axis depth)) from 266 

ditch bed along the center-line of the flow. This depth, (0.2 of the nominal depth) was selected 267 

based on similar previous studies which have shown that the velocity gradient at this depth in a 268 

flow is mainly generated by the shear stress of the viscous sublayer (Wang et al. 2018). Sublayer 269 

turbulent intensity, kinetic energy and dissipation were measured using these data collection points 270 

for CR and SM flows (Tachie et al. 2004). 271 

 272 

SEDIMENT SPECIE CHARACTERISTICS 273 

  274 

Two sediment species (silt and sand) were selected and used in the simulations. The characteristics 275 

of the sediment species and scour and sediment parameters that were selected through validation 276 

and calibration process are shown in Table 3. 277 

  278 

 279 

 280 

 281 

 282 

 283 
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 284 

Table 3. Characteristics of the sediment species and scour and sediment parameters . 285 

Characteristic Sediment Specie 1 

(Silt) 

Sediment Specie 2 

(Sand) 

Type Non-cohesive Non-cohesive 

Diameter (mm) 0.3 0.5 

Density (kg/) 1120 1500 

Angle of repose (Degrees) 32 32 

Maximum Packing Fraction  0.64 0.64 

Bed roughness / d50 ratio 5 5 

Bed load transport rate equation Van Rijn (1987) Van Rijn (1987)  

  286 

RESULTS AND DISCUSSIONS 287 

SUBLAYER TURBULENT INTENSITY 288 

Figure 4 visualizes sublayer turbulent intensity in CR and SM flows. Sublayer turbulent intensity 289 

reached 30 % in SM flow at x = 6 m (near outflow) and reached approximately 9 % in CR flow at 290 

x = 6 m.  Sublayer turbulent intensity demonstrated an ascending pattern from x = 1 m to x = 6 m 291 

in SM flow. This profile has emerged as mainly flat from x = 0 to 5 m in CR flow. Sublayer 292 

turbulent intensity was significantly higher in SM flow compared to control flow. 293 
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 294 

 295 

Fig. 4. Sublayer turbulent intensity in CR and SM flows. 296 

  297 

According to Figure 4, sublayer turbulent intensity has increased significantly in SM flow 298 

compared to the CR flow. This conforms to previous reports that modification of liner geometric 299 

design in a flow can result in major increase the turbulent intensity (Tachie et al. 2004). 300 

This increase in turbulent intensity produces stochastic shear stress fluctuations in the sublayer 301 

(Keshavarzy and Ball, 1997). These fluctuations promote the sweep and ejection events can affect 302 

sediment suspension and motion, especially when mean shear stress in sublayer is closer to 303 

threshold conditions (Sumer et al. 2003; Tachie et al. 2004; Keshavarzy and Ball, 1997). 304 

 305 
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SUBLAYER TURBULENT DISSIPATION 306 

  307 

Figure 5 visualizes sublayer turbulent dissipation in CR and SM flows. Sublayer turbulent 308 

dissipation reached 0.025 m2 s-3 in SM flow at approximately x = 6 m (near outflow) and reached 309 

0.08 m2 s-3 in CR flow at approximately x = 5 m.  310 

 311 

Fig. 5. Sublayer turbulent dissipation in CR and SM flows. 312 

According to Figures 4 and 5 and similar to sublayer turbulent intensity, sublayer turbulent 313 

dissipation has increased significantly in SM flow compared to CR flow. This increase in turbulent 314 

dissipation in the sublayer is associated with sweeping events which can affect sediment 315 

suspension and motion in the sublayer region (Zaripov et al. 2020). This profile has demonstrated 316 
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and ascending pattern from x = 0 to x = 5 m in CR flow and a descending  pattern from x = 5 m 317 

towards outflow in CR flow.  318 

SUBLAYER TURBULENT ENERGY 319 

Figure 6 visualizes sublayer turbulent energy profiles in CR and SM flows. Sublayer turbulent 320 

energy reached 0.012 m2 s-2 in SM flow at approximately x = 6 m (near outflow) and reached 321 

0.0045 m2 s-2 in CR flow at approximately x = 6 m.  322 

  323 

Fig. 6. Sublayer turbulent energy in CR and SM flows. 324 

  325 

According to Figures 4 through 6, and similar to turbulent intensity and dissipation, sublayer 326 

turbulent energy has increased significantly in SM flow compared to CR flow. This profile has 327 

emerged as ascending from x = 0 to x = 5 m in CR flow while a local maximums have emerged 328 
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along SM flow. Turbulent energy has demonstrated an descending pattern from x = 5 m to x = 6 329 

m in CR flow. 330 

The increase in sublayer turbulent energy in SM flow compared to control can be linked to 331 

interaction of sublayer with the rough bed (Tachie et al. 2004). This higher rates in sublayer 332 

turbulent energy can increase the Reynolds shear stresses (Tachie et al. 2004). The Reynolds shear 333 

stresses can be divided into two parts; one as a form of a drag and the other one that acts directly 334 

on the surface as skin friction which governs the sediment particle suspension rate (Barenblatt and 335 

Golitsyn1974; Sumer et al. 2003).  336 

SEDIMENT TRANSPORT IN LINER FLOW 337 

Packed sediment mass reduction in CR, SM and alternative liner flows (Figure 7) was investigated. 338 

The alternative liner model consisted of a trapezoidal ditch with a length of 6 m. It consisted of 339 

ribs with height of 0.02 m and spacing of approximately 0.1 m. 340 

 For this purpose, under similar inflow conditions (Q = 0.02 m3/sec; velocity = 0.3 m/sec), 0.5 kg 341 

of packed sediment (50% silt and 50% sand) was placed 1.5 m away from the inflow on each 342 

simulated liner bed. Packed sediment mass in the entire flow domain at each time step (Δt = 1 sec) 343 

for 40 seconds was measured for each simulation and compared. This time frame was selected to 344 

allow the flows to reach their steady state. The average flow velocity in sublayer in in CR, SM and 345 

alternative liner flows was measured at 0.79, 0.71 and 0.73 m/sec. The packed sediment mass 346 

normalized with respect to sublayer flow velocity reduced to 0.09, 0.18, and 0.13 kg.m/sec in CR, 347 

SM and alternative liner flows respectively. Normalized packed sediment mass was 27.8 % lower 348 

in alternative flow compared to SM flow at t = 40 sec.  349 
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 350 

Figure 7. Proposed alternative liner design and packed sediment mass shown in yellow (t=0 sec).  351 

 352 

 353 

 354 

 355 
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Figure 8. Total sediment mass versus time in control, smart ditch and alternative liner.  356 

 357 

Reduction in normalized packed sediment mass in alternative flow can be correlated to increase in 358 

sublayer turbulent intensity and sediment particle motion, suspension, entrainment, and transport 359 

(Yang et al. 2016; Tang et al. 2019). Since the ribs present in the bottom of the alternative flow 360 

prevent packed sediments to be dragged out of flow domain,  its entrainment into the flow and exit 361 

from the flow domain that result in packed sediment mass reduction can be linked to increase in 362 

sublayer turbulent intensity, energy dissipation and associated sediment suspension (Tachie et al. 363 

2004; Tinoco and Coco 2018). These results conform to previous reports that signify sublayer 364 

turbulent intensity as the main driver of sediment motion, and suspension (Yang et al. 2016; Tinoco 365 

and Coco 2018). Using the same methodology, sediment transport under various alternative liner 366 

designs can be investigated and compared. The liner that provides maximum packed sediment 367 

mass reduction for various case specific inflow condition can be selected for use.  368 

Selected liner design can be manufactured using polyethylene and can be used to line ditches. The 369 

proposed liner technology also provides the benefit of covering voids present in the body of ditches 370 

and reducing erosion and seepage loss. In addition, its flexibility makes installation fast and easy 371 

with minimal environmental disturbance. 372 

 373 

CONCLUSIONS 374 

 375 
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1.  CFD platform FLOW-3D code hydrodynamic model was validated for the purpose of 376 

corrugated liner design with the use of Manning number as validation metric. FLOW-3D scour 377 

and sediment transport model was also validated with the use of sediment mass as validation 378 

metric with acceptable accuracy.  379 

 380 

2. A CFD approach for liner design, hydraulic and sediment transport analysis in waterways and 381 

ditches across New Mexico was introduced in the paper that can be used by water agencies such 382 

as Elephant Butte Water District and International Boundary and Water Commission. This 383 

approach could replace expensive and time-consuming in-field approaches.  384 

 385 

3. Sublayer turbulent intensity, energy and dissipation increased significantly in SM flow 386 

compared to CR flow. 387 

 388 

3. Under the proposed alternative corrugated liner design, decrease in normalized packed sediment 389 

mass was significantly higher than SM flow.  390 

 391 

4. This methodology of analyzing sediment transport in waterways and ditches in terms of their 392 

suspended sediment mass using CFD platform FLOW-3D code can be used to improve 393 

engineering design in waterways and ditches across New Mexico by water agencies such as 394 

Elephant Butte Water District and International Boundary and Water Commission. 395 

 396 
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5. Designed liners with FLOW-3D code can be manufactured using polyethylene and can be used 397 

to line ditches. Use of proposed technology can also reduce erosion and seepage loss in ditches. In 398 

addition, its flexibility makes installation fast and easy with minimal environmental disturbance. 399 

Implementation of corrugation in liner design would also help regulate the flow of water from flat 400 

to steep grades so that the drainage and flow patterns designed are maintained.  401 

 402 

6. The feasibility of the proposed technique should be investigated for various case specific inflow 403 

conditions and sediment species. 404 

  405 
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 604 

TABLE OF ABBREVIATIONS 605 

Abbreviation Meaning  

𝑢𝑢′ Mean velocity of the fluid in the sublayer 

region 

𝑢𝑢�  Fluctuation of the streamwise velocity 

component 

𝑢𝑢′′ Flow turbulent fluctuation. 

U Reynolds-average water velocity 

W Fall velocity of sediment. 

z Dimension in the vertical direction 

x General space dimension 

𝛤𝛤 Diffusion coefficient 

d Diameter of sediment particle 
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𝜏𝜏𝑐𝑐 critical shear stress for sediment particle 

motion according to Shields diagram 

𝜌𝜌𝑠𝑠 Sediment particle density 

𝜌𝜌𝑤𝑤 water density 

g gravitational acceleration 

𝑣𝑣 Kinematic viscosity of water and 

τ bed shear stress 

 606 

FIGURE CAPTIONS 607 

Fig. 1. (a) Boundary conditions of the CFD model and sediment box used for CR and SM flows. (b) SM liner geometric 608 

model. (c) cross section of simulated ditch. 609 

Fig. 2. Instant representation of the SM flow in FLOW-3D environment. 610 

Fig. 3. Flow in constructed ditch with SM liner design.  611 

Fig. 4. Sublayer turbulent intensity in CR and SM flows. 612 

Fig. 5. Sublayer turbulent dissipation in CR and SM flows. 613 

Fig. 6. Sublayer Turbulent energy in CR and SM flows. 614 
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Fig. 7. Proposed alternative liner design and packed sediment mass shown in yellow (t=0 sec).  615 
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